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ABSTRACT 
We report the investigation of a conjugated polycyclic hydrocarbon containing multiple non-
benzenoid rings and exhibiting negative curvature - the warped nanographene C80H30 - adsorbed 
on several noble metal surfaces in an ultrahigh vacuum environment. From a detailed analysis of 
the molecular self-assembly at different molecular coverages via scanning tunneling microscopy 
and spectroscopy measurements in combination with theoretical modeling, the nature of the 
intermolecular interactions is unraveled. For high molecular coverages on Cu(111), the formation 
of homochiral porous networks is observed, which is rationalized by (i) intermolecular π-π 
interactions between neighboring C80H30 molecules that promotes the formation of molecular 
dimers, and (ii) enantioselective intermolecular CH···π interactions between the dimers. Such 
interactions are also observed after deposition of C80H30 molecules on Au(111) and Ag(111) 
substrates. Our results provide perspectives for the on-surface study of negatively-curved 
nanographenes which give prospects for the design of novel and functional chiral structures with 
potential use in the field of organic optoelectronics. 
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INTRODUCTION 
In the last decades, nanometer-sized carbon materials made solely of sp2-hybridized carbon 
atoms oriented in particular geometric patterns, namely nanocarbons, have changed the 
landscape of carbon-based nanomaterials, opening doors to new technologies due to their 
interesting optical, magnetic and electronic properties.1–6 They can be classified according to 
their dimensionality, where fullerenes7 (0D), carbon nanotubes8 and graphene nanoribbons9  
(CNTs and GNRs, 1D), graphene1 (2D) and Mackay crystals10 (3D) are the most recognized 
nanocarbons, triggering tremendous interest in both scientific and technological communities. In 
the early 90’s Mackay crystals composed of 6- and 8- or 6- and 7-membered rings, together with 
various other exotic nanocarbons with negative curvatures (double-concave nanostructures) were 
proposed for the first time.10–13 However, despite the relevance of negative curvature in exotic 
nanocarbon structures,11  nanographenes incorporating 7- or 8-membered rings comprise an 
ambitious challenge for organic chemists due to their relatively high ring strain. Therefore, 
negatively-curved nanographenes remain a relatively unexplored group of materials and only a 
limited number of examples of these elusive compounds currently exist.14–18 The synthesis of a 
grossly-warped nanographene (C80H30),19 which consists of five 7-membered rings and one 5-
membered ring embedded in a hexagonal lattice of trigonal carbon atoms, has only recently been 
reported. The unique structure of the C80H30 molecule, where the presence of multiple odd-
membered rings leads to a non-trivial double-concave structure, enhances characteristic 
properties which arise mainly from its nonplanar structure compared to planar analogues of 
similar size.19 Interesting properties and potential applications of this warped nanographene have 
been investigated in recent studies.19–23 For instance, it presents reversible reduction and 
oxidation behavior via charged intermediates suggesting that odd-membered ring defects in 
graphene can trap charges. Furthermore, C80H30 has optical and electronic properties that differ 
from other all-carbon families and could have potential applications for future optoelectronic 
devices.  
In this context, complementary surface-science techniques can provide an appealing playground 
for the investigation of negatively-curved compounds. In particular, the use of advanced 
scanning probe techniques, such as scanning tunneling microscopy (STM) serve as powerful 
tools for direct structural and electronic characterization of molecular species on surfaces.24 
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Additionally, atomically-smooth noble metal surfaces under ultrahigh vacuum (UHV) conditions 
provide ideal templates for the study of intermolecular interactions, where, in many cases, the 2D 
confinement on a surface leads to a strong expression of chirality.25 Planar polycyclic aromatic 
hydrocarbons (PAHs) such as acenes,26–30 coronene31–33 or pyrenes34,35 among others, and 
nonplanar ball- or bowl-shaped PAHs like fullerenes and buckybowls (fragments of fullerenes)36–
40 have been extensively investigated on metallic single crystal surfaces, insulating films, or at 
the liquid-solid interface. However, surface studies of negatively-curved compounds have not yet 
been reported (see Scheme 1 for several examples of planar, curved and negatively curved 
PAHs).   
In this article, we present a combined STM and density functional theory (DFT) study of the 
negatively-curved warped C80H30 molecule which is, to the best of our knowledge, the largest 
PAH besides fullerenes that has been investigated on metal substrates under UHV conditions. 
The study of a negatively-curved nanographene on surfaces provides experimental insights into 
the structural and electronic properties of such compounds in contact with a metallic support. 
Our molecular-level investigations describe a self-assembly process depending on the molecular 
coverage upon adsorption on several metal surfaces. At high molecular coverages, the highly 
nonplanar conformation of C80H30 molecules gives rise to self-assembled enantiomorphic porous 
networks composed of homochiral molecules and irregular supramolecular assemblies on 
Cu(111) and Au(111) respectively, which are stabilized by two interaction motifs attributed to π-
π and CH···π interactions. For low molecular coverages, the formation of self-assembled dimers 
due to intermolecular π-π interactions is observed, while for medium molecular coverages the 
appearance of a three-fold interaction motif between adjacent dimers induced by intermolecular 
CH···π interactions prevails.  
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Scheme 1. Some representative examples of planar, curved and negatively curved PAHs. 
RESULTS AND DISCUSSION 
The synthetic route to obtain the C80H30 molecule is detailed in previous reports.19 First, high 
submonolayer coverages (> 0.65 ML; ML = monolayer) of C80H30 were sublimed under UHV 
conditions onto an atomically-clean Cu(111) surface held at room temperature. Large scale STM 
images acquired at ~5 K reveal the formation of extended self-assembled supramolecular porous 
networks which coexist with irregular assemblies (Figure 1a). Figure 1b-d presents a detailed 
analysis of the STM data. It is seen that each C80H30 molecule within the networks interacts with 
three adjacent molecules, being stabilized by two different interaction motifs, i.e. motif 1 and 
motif 2 in Figure 1d, with an intersection angle between the hexagonal arms of α = 120°. Such 
networks exhibit an inter-pore distance of 4.6 nm and an inner area of the nanopore of ~ 6.5 nm2, 
whereas the unit cell vectors of the network form an angle of ~12° with respect to the close-
packed directions of the Cu(111) substrate. It is worthwhile to mention that these hexagonal 
networks exhibit enantiomorphism with both enantiomorphic domains observed on the surface 
(Figure 1a). The formation of enantiomorphic domains – which are in fact also homochiral as we 
will show later - seems to be driven by the interaction motif 2 (see Figure S1). We note that 
similar coverages (> 0.5 ML) of C80H30 on Au(111) do not give rise to the formation of regular 
self-assembled networks based on the motifs described above (Figure S2), which is tentatively 
attributed to the mismatch between the molecular network and the underlying surface, together 
with the presence of specific nucleation sites, i.e. elbows of the Au(111) herringbone 
reconstruction.41 
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Figure 1. Formation of C80H30 self-assembled enantiomorphic hexagonal networks on Cu(111) at coverages beyond 
0.65 ML. (a) Large-scale STM image of the porous networks coexisting with irregular assemblies. The blue curved 
arrows indicate two enantiomorphic domains on adjacent terraces. Vb = -1.5 V, It = 80 pA. Scale bar: 20 nm. (b) 
Magnified view of one of the homochiral networks observed in panel (a). The unit cell of the network comprises six 
molecules and is represented by the blue rhombus, while the dashed blue line indicates the inter-pore distance of the 
network (4.6 nm). The white star indicates the close-packed directions of Cu(111). Vb = -0.1 V, It = 20 pA. Scale 
bars: 5 nm. (c,d) High-resolution STM image (c) and the corresponding atomistic model of twelve C80H30 dimers 
(d), forming a single hexagonal pore with an area of 6.5 nm2. Vb = -0.1 V, It = 20 pA. Scale bar: 3 nm. 
In order to obtain more information about the interaction motifs that drive the formation of the 
self-assembled nanostructures observed after deposition of C80H30 on Cu(111) and Au(111), a 
detailed analysis at several molecular coverages on the different metal substrates has been 
realized. Deposition of C80H30 molecules at low submonolayer coverages (> 0.1 ML) on Au(111) 
reveals the presence of non-planar nanostructures adsorbed on the fcc regions of the surface, 
coexisting with linear chains on the herringbone reconstruction lines (Figure 2). The 
nanostructure highlighted in Figure 2a is attributed to two self-assembled C80H30 molecules 
rotated by 180° with respect to each other (see Figure 2b). The high-resolution STM image 
shows a central motif with a large apparent height of 4.3 Å, and peripheral features of lower 
apparent heights of 1.7-2.3 Å (measured at a sample bias of -1.5 V). These features, which are 
equivalent to the motif 1 described in Figure 1, suggest that the molecules adopt a highly non-
planar conformation on the surface favoring π-π interactions between adjacent molecules that are 
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proposed to be the driving force toward the formation of such dimers. Figure 2c shows the DFT-
optimized model of the dimer, wherein the corannulene cores of both molecules exhibit a parallel 
alignment with the underlying surface (adsorption height of 3.4 Å), in line with the similar 
apparent height of the central segment of each molecule; while the benzene rings at the edge of 
each molecule present non-equivalent apparent heights which arise from the conformational 
flexibility of the C80H30 upon adsorption, with a minimum C-C distance between molecules of 
3.4 Å. The simulated STM image for this geometry (Figure 2d) yields excellent correspondence 
to the experimental image, allowing us to discern the experimental features. Importantly, it 
should be noted that STM images acquired with a CO-functionalized tip42, such as the one shown 
in Figure 2b, reveal that the π-π interaction driving the formation of dimers is not 
enantioselective (see Figure S3 for the chiral and achiral adsorption of several C80H30 molecules 
in different dimers). This indicates a high conformational flexibility of the surface-adsorbed 
C80H30 molecules and very comparable adsorption energies for the different diastereomers. 
To understand the nature of the interaction between the molecules in the dimers, we computed 
the energy of the dimer in gas phase constrained to the adsorption geometry (Ed) and the energy 
of both C80H30 molecules constrained to the geometry they have in the dimer (Ea and Eb). The 
cohesive energy of the dimer, defined as Ed – Ea – Eb is 0.72 eV for the chiral (S) and achiral (A) 
dimer shown in Figure 2b-d. If we consider only the van der Waals interaction we obtain again a 
value of 0.72 eV for the cohesive energy (the difference in cohesive energy for all the possible 
combination of diastereomers within the dimers, i.e. A-A, S-S/R-R, S-A and S-R, is negligible 
(~0.07 eV)), demonstrating a purely dispersive character of the interaction (see Figure S4a for 
the computed charge density difference, depicted for the C80H30 dimer in gas phase in order to 
highlight the molecule-molecule contribution to the electrostatic interaction). We note that 
identical π-π interactions are present after deposition of molecules on different metallic 
substrates such as Ag(111) and Cu(111) at low coverages, leading to the formation of C80H30 
dimers (see Figure S5). 
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Figure 2. C80H30 dimer formation after molecular deposition on Au(111) at > 0.1 ML coverage. (a) Large-scale 
STM image of the surface after room temperature deposition of C80H30 molecules. Vb = 0.3 V, It = 30 pA. Scale bar: 
5 nm. (b) High-resolution STM image of a single dimer highlighted in panel (a) acquired with a CO functionalized 
tip evidencing the presence of intramolecular features with several apparent heights. Vb = −1.1 V, It = 110 pA. Scale 
bar: 2 nm. (c) Top and side views of the corresponding DFT equilibrium geometry of a C80H30 dimer. (d) DFT 
simulated STM image of panel (c). The colored dots serve as a guide to the eye for comparing the intramolecular 
features in the simulated STM image and the corresponding DFT equilibrium geometry. Vb = −1.0 V.  
In order to unequivocally identify and study individual C80H30 molecules, lateral manipulation 
experiments were performed (Figure 3a-c, manipulation parameters: Vb = -0.1 V, It = 5 nA). 
Figure 3c shows two C80H30 molecules where an achiral conformation upon adsorption on the 
Au(111) substrate is clearly discerned. The experimental features are well reproduced by the 
DFT-optimized geometry and the corresponding STM simulation of a C80H30 molecule (Figure 
3d,e). Herein, one can observe the negative curvature of the molecule (a double-concave 
conformation) that results from the presence of a central five-membered ring at the corannulene 
core, together with multiple seven-membered rings that surround the corannulene, leading to two 
maximum apparent heights of 4.4 Å and 2.5 Å in the STM images. Such geometrical 
conformation is the result of van der Waals interaction between the molecule and the substrate, 
and differs from the lowest energy conformation adopted in the gas phase, where a maximum 
height of 6.3 Å has been reported.19 DFT calculations show a deformation of the molecule from 
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the equilibrium gas phase geometry implying an energy loss of 0.92 eV, which is compensated 
by the overall adsorption energy of -3.90 eV. Remarkably, only after sublimation of the C80H30 
molecules onto a highly reactive substrate such as Pt(111),43 individual molecules are found 
(Figure 3f), and their adsorption geometry seems to be similar to the one obtained on the less 
reactive coinage metal substrates.  
Next, scanning tunneling spectroscopy (STS) studies of individual molecules on Au(111) were 
performed. Voltage-dependent differential conductance spectra (dI/dV vs. V) acquired on the 
molecule exhibit peaks at -1.9 eV and 1.4 eV, corresponding to the positive and negative ion 
resonances (PIR and NIR) that derive from the highest occupied and the lowest unoccupied 
molecular orbitals (HOMO and LUMO), respectively. Thus, the molecule presents a large 
experimental electronic gap of 3.3 eV (see Figure S6), which is in good agreement with the value 
of 3.1 eV obtained by applying image charge corrections to the eigenvalue self-consistent GW 
gap calculated for the molecule adsorbed on Au(111). 
 
Figure 3. C80H30 identification after lateral manipulation experiments on Au (111). (a,b) High-resolution STM 
images of interacting C80H30 molecules before and after the lateral manipulation event. The blue arrow designates 
the tip trajectory (manipulation parameters: Vb = -0.1 V, It = 5 nA).  Vb = 1.0 V, It = 10 pA. Scale bar: 2 nm. (c) 
Magnified view of same area as in (a,b) where two individual C80H30 molecules are observed after several lateral 
manipulation events. The blue rectangle highlights a single C80H30 molecule. Vb = 1.0 V, It = 20 pA. Scale bar: 2 
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nm. (d) Top and side views of the DFT equilibrium geometry of a C80H30 molecule. (e) DFT-simulated STM image 
of the molecule highlighted in panel (d). The colored dots serve as a guide to the eye for comparing the 
intramolecular features in the simulated STM image and the corresponding DFT equilibrium geometry. Vb = −1.0 V. 
(f) High resolution STM image of C80H30 molecules after room temperature deposition on a Pt(111) substrate. Vb = -
1.0 V, It = 5 pA. Scale bar: 2 nm. 
Higher molecular coverage of  ~ 0.5 ML on Au(111) reveals the formation of a rather complex 
threefold motif, equivalent to the motif 2 described in Figure 1, that is not observed in the low 
coverage regime (Figure 4a). Ignoring a few alignment defects, the aforementioned motif is 
characterized by a windmill-type appearance (Figure 4b), which derives from the interaction 
between three C80H30 dimers. The apparent height of this threefold molecular assembly is 3.2 Å 
(measured at a sample bias of -1.5 V), significantly larger than the one of 2.5 Å observed for the 
dimers. The DFT-optimized geometry of the threefold windmill assembly (Figure 4c) together 
with the corresponding STM simulation (Figure 4d) allow us to discern the experimental features 
and to unambiguously determine the underlying structure and intermolecular interactions. In 
analogy to the dimer case, we computed the van der Waals contribution to the cohesive energy of 
a (homochiral) trimer. The total cohesive energy amounts to 0.80 eV of which 0.72 eV is due to 
van der Waals interactions. In this case a non-negligible electrostatic contribution of ~80 meV is 
present, which we attribute to CH···π bonding (see Figure S4b for the computed charge density 
difference, depicted for the trimer in gas phase in order to highlight the molecule-molecule 
contribution to the electrostatic interaction). In addition, DFT calculations show a deformation of 
the molecule from the equilibrium gas phase geometry implying an energy loss of 0.68 eV. The 
interaction motif 2 is thus driven by CH···π interactions, which arise from favorable 
multipole/induced multipole charge fluctuations between the tilted benzene rings of a molecule 
and the rim hydrogen atoms of adjacent molecules. From our DFT calculations, we find a 
minimum H-benzene distance of 2.55 Å.44 Importantly, stabilization of the threefold assemblies 
described in Figure 4 by CH···π interactions only occurs between molecules that exhibit the 
same chirality. Given the conformational flexibility of the molecules, it is assumed that the 
molecules adapt their conformation into the one that maximizes CH···π interactions at the 
threefold corner point, which is the case in a homochiral situation (see Figure 4b and Figure S7 
for more details). It is thus the CH···π interaction that induces homochirality in the structural 
windmill motif 2 and drives the formation of the enantiomorphic networks described in Figure 1. 
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It is well known that curved PAHs may restructure metal substrates.45 However, any role of gold 
atoms in the formation of the windmill motifs can be safely excluded due to the dominant CH···π 
interactions, because we observe similar self-assembled motifs after deposition of C80H30 
molecules onto different metal substrates  such as Ag(111) or Cu(111).    
 
Figure 4. Formation of the windmill motif 2 driven by intermolecular C-H···π interaction after room temperature 
deposition of C80H30 molecules on Au(111) at coverages of ~ 0.5 ML. (a,b) High-resolution STM images of the 
structural windmill motif 2, revealing C80H30 trimers coexisting with individual dimers. The blue rectangle in (b) 
highlights the windmill motif. Vb = -0.6 V, It = 70 pA. Scale bars: 3 nm. (c) Top view of the corresponding DFT 
equilibrium geometry of the trimer highlighted in panel (b). Vb = -0.5 V. (d) DFT simulated STM image of panel (c). 
Vb = −1.0 V.   
The transition from individual dimers to porous homochiral networks and to irregular assemblies 
on Cu(111) and Au(111), respectively, upon adsorption of the negatively-curved warped 
nanographene C80H30 can thus be understood as follows. For low coverages (> 0.10 ML), non-
enantioselective π-π interactions (motif 1) between adjacent C80H30 molecules induce the 
formation of dimers on Au(111), Ag(111) and Cu(111) surfaces (Figure 2a,b and Figure S5). 
Medium coverages of ~ 0.50 ML promote the formation of assemblies composed of three 
dimers, where enantioselective CH···π interactions (motif 2) are involved (Figure 4a,b, Figure 
S7 and Figure S8 for trimers observed on Ag(111)). An increase in molecular coverage to more 
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than 0.65 ML finally leads to the formation of self-assembled homochiral networks on Cu(111) 
(Figure 1a-c). 
 
CONCLUSION 
In summary, we have characterized a representative member of a new family of negatively-
curved nanographenes with STM at submolecular resolution upon adsorption on several metallic 
substrates. Depending on the noble metal substrate employed and the molecular coverage, a self-
assembly process based on the nature of the intermolecular bonding, namely π-π and CH···π 
interactions, is achieved. The self-assembled supramolecular porous networks obtained for high 
molecular coverages illustrate the potential of negatively-curved nanocarbons toward the 
formation of regular homochiral domains, which constitutes an interesting pathway for the 
design of functional chiral nanostructures.  
 
METHODS  
Experiments were performed under ultrahigh vacuum conditions (base pressure below 5 × 10−10 
mbar) with two Scienta-Omicron scanning probe microscopes: a low-temperature STM and a 
low-temperature STM/AFM. 
Au(111), Ag(111), and Cu(111) single crystal surfaces were prepared by iterated cycles of 
sputtering with Ar+ ions (E = 1 keV) and subsequent annealing to 750 K for 15 minutes. Clean Pt 
(111) single crystal surfaces were prepared through repeated cycles of Ar+ bombardment and 
annealing at up to 1000 K for 15 min. All STM images shown were taken in constant current 
mode with electrochemically etched tungsten tips at a sample temperature of 5 K. Scanning 
parameters are specified in each figure caption. The C80H30 molecule was thermally deposited 
onto the clean Au(111) surface held at room temperature with a typical deposition rate of 0.4 Å 
min−1 (sublimation temperature ~ 710 K). The STM images were analyzed using WSxM.46 
To obtain the equilibrium adsorption geometries within DFT, and to simulate STM, we used the 
CP2K code (see SI for full details). The surface/adsorbate systems were modeled within the 
repeated slab scheme, i.e., a simulation cell contained 4 atomic layers of Au along the [111] 
direction and a layer of hydrogen atoms to passivate one side of the slab in order to suppress one 
of the two Au(111) surface states. 40 Å of vacuum was included in the simulation cell to 
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decouple the system from its periodic replicas in the direction perpendicular to the surface. 
Calculations were done within the AiiDA platform.47 
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